Introduction {#s001}
============

Glaucoma is a neurodegenerative optical neuropathy that is characterized by the loss of retinal ganglion cells and their axons and is a leading cause of irreversible vision loss.^[@B1],[@B2]^ Intraocular pressure (IOP) reduction is currently the only evidence-based treatment strategy for glaucoma. Lowering of IOP using prostaglandin F (FP) receptor agonists (FP agonists), such as latanoprost, tafluprost, travoprost, and bimatoprost, is the current standard of care for patients with glaucoma and ocular hypertension.^[@B3]^ However, prostaglandin-associated periorbitopathy (PAP) has been reported in FP agonist-treated patients with glaucoma.^[@B4],[@B5]^ PAP affects patient care in many ways, such as difficulty in IOP measurement, difficulty during surgery, and cosmetic concerns.^[@B4],[@B5]^ PAP is more frequent and more severe in bimatoprost users than in those using other FP agonists,^[@B6]^ and it causes deepening of the upper eyelid sulcus (DUES) and pigmentation of the iris and skin surrounding the eye lid.^[@B4]^ DUES is considered a cosmetic adversity of FP agonist treatments.^[@B7]^ The long-term use of latanoprost has also been considered causative of DUES in case studies of patients with glaucoma.^[@B10],[@B11]^ Moreover, recent investigations suggest that DUES is induced by atrophy of orbital fat.^[@B12]^

Prostaglandin E~2~ (PGE~2~) acts on a group of G-protein-coupled receptors, and the subtypes EP1, EP2, EP3, and EP4 have been shown to respond to PGE~2~.^[@B13],[@B14]^ Although PGE~2~ has been shown to potently reduce IOP in a previous study, it was associated with adverse effects (AEs), such as flares of anterior chambers.^[@B15]^ Thus, PGE~2~ receptor agonists that reduce ocular hypertension with little or no AEs are being investigated globally.^[@B16]^

We are currently developing omidenepag isopropyl (OMDI) as a new IOP-lowering ophthalmic solution.^[@B17],[@B18]^ This agent is a prodrug of the selective non-prostaglandin EP2 receptor agonist and was launched as a treatment for glaucoma and ocular hypertension first in Japan in 2018. OMDI is hydrolyzed by esterases to omidenepag (OMD) during corneal penetration, and the IOP-lowering effects of this drug are associated with increased outflow facility and uveoscleral outflow.^[@B19]^ In a previous clinical study, topical applications of 0.002% OMDI significantly reduced IOP in patients with glaucoma, and all of the associated ocular AEs were mild in severity.^[@B20]^

FP agonists, including latanoprost, inhibit adipogenesis by stimulating FP receptor in 3T3-L1 cells.^[@B21]^ Prostaglandin F~2α~ (PGF~2α~) also inhibits adipocyte differentiation by binding the FP receptor.^[@B22]^ Hence, DUES due to current anti-glaucoma FP agonists likely follows inhibition of adipogenesis around the eyelid, followed by atrophy of orbital fat. Because the effects of the EP2 agonist OMD on adipocyte differentiation have not yet been demonstrated, we monitored adipocyte differentiation in 3T3-L1 cells treated with the pharmacologically active form of OMDI, and we made comparisons with the effects of other FP agonists.

Methods {#s002}
=======

Culture of CHO cells expressing mouse EP2 receptor and cAMP assays {#s003}
------------------------------------------------------------------

CHO cells stably expressing mouse EP2 (mEP2) receptor^[@B23]^ and mock-CHO^[@B24]^ were cultured in 24-well plates at 2 × 10^5^ cells/well. Cells were then preincubated for 10 min at 37°C in N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid (HEPES)-buffered saline containing 10 μmol/L indomethacin, and reactions were started by the addition of OMD at 0.1, 1, 10, 100, 1,000, and 10,000 nmol/L, which was provided by Ube Industries, Ltd. (Yamaguchi, Japan). After incubation for 10 min at 37°C, reactions were terminated by the addition of 10% trichloroacetic acid. Subsequently, cAMP concentrations in cells were measured by using radioimmunoassays according to a cAMP assay system (Cyclic AMP kit Yamasa, Yamasa Corporation, Chiba, Japan).

Culture and differentiation of 3T3-L1 cells into adipocytes {#s004}
-----------------------------------------------------------

Overall, 3T3-L1 cells were purchased from ATCC and were cultured in accordance with the supplier\'s instruction manual. Briefly, 3T3-L1 cells were grown to confluence in 24-well plates containing Dulbecco\'s modified Eagle\'s medium (high-glucose; Nacalai Tesque, Kyoto, Japan) supplemented with 10% calf serum (CS; Gibco, NY). Differentiation was initiated by culturing cells in differentiation medium containing 10% CS, 0.5 mmol/L isobutylmethylxanthine, 2.5 μmol/L dexamethasone, and 10 μg/mL insulin (AdipoInducer Reagent; Takara, Shiga, Japan). After 2 days of culture, media were replaced with adipocyte growth medium containing 10% CS and 10 μg/mL insulin and were exchanged every 2 or 3 days for an additional 8 days. Latanoprost free acid (LAT-A, 0.1 μmol/L), PGF~2α~ (0.1 μmol/L), from Cayman Chemical Co. (MI), or OMD (0.1, 1, 10, and 40 μmol/L) were added to adipocyte differentiation medium and growth medium ([Table 1](#tb1){ref-type="table"}).

###### 

Experimental Groups

  Group                Final concentration of compound (μmol/L)   Culture medium                                                   
  -------------------- ------------------------------------------ ---------------------------------------------------------------- -------------------------------------------------------
  Control              0                                          Differentiation medium containing 0.1% DMSO                      Growth medium containing 0.1% DMSO
  0.1 μmol/L OMD       0.1                                        OMD 0.1 μmol/L differentiation medium containing 0.1% DMSO       OMD 0.1 μmol/L growth medium containing 0.1% DMSO
  1 μmol/L OMD         1                                          OMD 1 μmol/L differentiation medium containing 0.1% DMSO         OMD 1 μmol/L growth medium containing 0.1% DMSO
  10 μmol/L OMD        10                                         OMD 10 μmol/L differentiation medium containing 0.1% DMSO        OMD 10 μmol/L growth medium containing 0.1% DMSO
  40 μmol/L OMD        40                                         OMD 40 μmol/L differentiation medium containing 0.1% DMSO        OMD 40 μmol/L growth medium containing 0.1% DMSO
  0.1 μmol/L LAT-A     0.1                                        LAT-A 0.1 μmol/L differentiation medium containing 0.1% DMSO     LAT-A 0.1 μmol/L growth medium containing 0.1% DMSO
  0.1 μmol/L PGF~2α~   0.1                                        PGF~2α~ 0.1 μmol/L differentiation medium containing 0.1% DMSO   PGF~2α~ 0.1 μmol/L growth medium containing 0.1% DMSO

DMSO, dimethyl sulfoxide; LAT-A, latanoprost free acid; OMD, omidenepag; PGF~2α~, prostaglandin F~2α~.

Cell viability assays {#s005}
---------------------

Cell viability was determined by using MTS assays (CellTiter 96^®^ Aqueous One Solution Reagent; Promega, WI) with a Benchmark Plus Microplate Reader (Bio-Rad, CA) at an absorbance wavelength of 490 nm. On day 10 after initiation of differentiation, MTS reagent was added to each well and incubated for 30 min to measure the absorbance. The average absorbance of wells without cells was subtracted from absorbance values of cells. Data are presented as percentages of viable cells relative to controls.

Oil Red O staining {#s006}
------------------

Oil Red O staining was performed by using a Lipid assay kit (Cosmo Bio, Sapporo, Japan) in accordance with the manufacturer\'s instructions. Briefly, differentiated 3T3-L1 cells were washed in Dulbecco\'s phosphate-buffered saline (D-PBS), fixed in 10% formalin neutral buffer solution (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) for 1 h, and stained with Oil Red O for 1 h. Oil Red O-stained cells were observed by using a microscope (IX70; Olympus, Tokyo, Japan). Six stained areas per well were then measured by using Win ROOF^®^ ver. 5.8 (MITANI Corporation, Tokyo, Japan). Cell areas that were stained with LAT-A, PGF~2α~, or OMD were expressed as percentages of those in untreated control cultures.

Gene expression analysis {#s007}
------------------------

Total RNA was isolated from 3T3-L1 cells on indicated differentiation days by using RNeasy mini Kits (QIAGEN, Hilden, Germany and Venlo, Netherlands). Quantities and qualities of isolated RNA were evaluated by using NanoDrop™ (Thermo Fisher Scientific, Inc., MA). After dilution in RNase-free water, 20 ng/μL RNA samples were immediately reverse transcribed into cDNA by using PrimeScript™ RT Master Mix reagent Kits (Takara, Shiga, Japan) in accordance with the manufacturer\'s instructions. Primers for mouse peroxisome proliferator-activated receptor γ (PPARγ; *Pparg*), CCAAT/enhancer-binding protein α (C/EBPα; *Cebpa*), and *β* (C/EBPβ; *Cebpb*) (Takara) were used to quantify gene expression levels with QuantiFast™ SYBR^®^ Green PCR Kits (QIAGEN, Hilden, Germany) as described by the manufacturer ([Table 2](#tb2){ref-type="table"}). Briefly, cDNA was amplified in the presence of SYBR Green PCR Master Mix in final reaction volumes of 20 μL per well by using a 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, Inc., and Life Technologies, Inc., CA). Relative expression levels were calculated by using the standard ΔΔCt method with 7500 Fast System SDS Software Version1.4 software (Applied Biosystems, CA). The housekeeping gene *Gapdh* was used as an internal control.

###### 

Primer Sets Used in This Study

  Gene name   Forward                           Reverse
  ----------- --------------------------------- --------------------------------
  *Gapdh*     5′-TGTGTCCGTCGTGGATCTGA-3′        5′-TTGCTGTTGAAGTCGCAGGAG-3′
  *Pparg*     5′-GGAGCCTAAGTTTGAGTTTGCTGTG-3′   5′-TGCAGCAGGTTGTCTTGGATG-3′
  *Cebpa*     5′-CAGCTTACAACAGGCCAGGTTTC-3′     5′-GCTGGCGACATACAGTACACACAA-3′
  *Cebpb*     5′-ACCGGGTTTCGGGACTTGA-3′         5′-CCCGCAGGAACATCTTTAAGTGA-3′

Statistical analysis {#s008}
--------------------

Fifty percent effective concentrations (EC~50~) were calculated by using EXSUS (version 8.0; CAC Croit Co., Tokyo, Japan). Data were expressed as mean ± SEM and were statistically analyzed by using EXSUS. Differences between drug treatment and control groups were identified by using Student\'s *t*-test, Wilcoxon test, Dunnett\'s test, or Steel test, and were considered significant when *P* \< 0.05.

Results {#s009}
=======

mEP2 receptor agonist activity of OMD {#s010}
-------------------------------------

To investigate the agonistic activity of OMD toward the mEP2, we measured cAMP concentrations in CHO cells after treatments with OMD by using radioimmunoassays. OMD treatments ([Fig. 1A](#f1){ref-type="fig"}) promoted cAMP production dose dependently ([Fig. 1B](#f1){ref-type="fig"}), and they had an EC~50~ value of 3.9 ± 0.49 nmol/L for the mEP2 receptor (*n* = 3) ([Fig. 1C](#f1){ref-type="fig"}). The EC~50~ value was calculated from 3 independent replicates. In addition, OMD did not promote the formation of cAMP in CHO cells in which the mEP2 receptor was not stably expressed ([Fig. 1D](#f1){ref-type="fig"}).

![Agonistic activity of OMD toward the mouse EP2 receptor. **(A)** Structure of OMD. **(B)** Representative results of cAMP production of OMD. CHO cells expressing mEP2 receptor (2 × 10^5^ cells/well) were stimulated with the indicated concentrations of OMD for 10 min at 37°C. Changes in cAMP concentrations were determined by using radioimmunoassays. **(C)** Three independent experiments from 3 data points were performed, and the EC~50~ were calculated for the mEP2 receptor. **(D)** Results of cAMP production of OMD in CHO cells expressing mEP2 receptor and mock-CHO cells. mEP2 and mock-CHO cells (2 × 10^5^ cells/well) were stimulated with the indicated concentrations of OMD for 10 min at 37°C. Changes in cAMP concentrations were determined by using radioimmunoassays. EC~50~, 50% effective concentration; mEP2, mouse EP2; OMD, omidenepag.](jop.2019.0079_figure1){#f1}

Viability of 3T3-L1 cells after treatments with OMD or FP agonists {#s011}
------------------------------------------------------------------

After 10 days of differentiation, relative to control, the cell viability of cells treated with OMD concentrations of 0.1, 1, 10, and 40 μmol/L was 115.7% ± 11.47% (*P* = 0.63), 98.1% ± 10.28% (*P* = 0.99), 92.0% ± 11.07% (*P* = 0.93), and 100.0% ± 9.39% (*P* = 1.00), respectively. In addition, after treatments with LAT-A and PGF~2α~, the cell viability was 117.9% ± 2.39% (*P* \< 0.05) and 108.4% ± 6.32% (*P* = 0.37), respectively. OMD and PGF~2α~ did not affect cell viability in comparison with the control, whereas LAT-A treatments led to increases in cell viability ([Fig. 2](#f2){ref-type="fig"}).

![Viability of treated 3T3-L1 cells. Cell viability was assessed in 3T3-L1 cells during days 0--10 of differentiation in the presence of test compounds. Bars represent percentages of viable cells relative to those in control wells. \**P* \< 0.05, compared with control (Student\'s *t*-test).](jop.2019.0079_figure2){#f2}

Effects of OMD and FP agonists on adipogenesis {#s012}
----------------------------------------------

To evaluate the effects of OMD and FP agonists on adipogenesis, we performed Oil Red O staining of lipid droplets in 3T3-L1 cells after differentiation for 10 days. Marked increases in numbers of lipid droplets confirmed preadipocyte differentiation in control, as shown in previous report^[@B21]^ ([Fig. 3](#f3){ref-type="fig"}). Oil Red O staining patterns also differed significantly between cells treated with OMD and FP agonists ([Fig. 3](#f3){ref-type="fig"}). Relative to control cells, stained areas comprised 12.6% ± 1.3% and 15.5% ± 1.5% of cell areas after treatments with LAT-A and PGF~2α~, respectively. In addition, after treatments with OMD at 0.1, 1, 10, and 40 μmol/L, stained areas comprised 85.0% ± 6.6%, 93.9% ± 4.5%, 86.9% ± 2.7%, and 88.0% ± 5.9% of cell areas, respectively ([Fig. 4](#f4){ref-type="fig"}). These data show that OMD treatments had no significant effects on adipogenesis. In contrast, the FP agonists LAT-A and PGF~2α~ significantly inhibited adipogenesis in 3T3-L1 cells.

![Representative photographs of Oil Red O staining. Oil Red O staining analyses were performed in 3T3-L1 cells treated with test compounds during days 0--10 of differentiation. Adipogenesis in 3T3-L1 cells was assessed by using Oil Red O staining on day 10. Scale bar = 100 μm.](jop.2019.0079_figure3){#f3}

![Different effects of OMD and FP agonists on adipogenesis. Oil Red O staining analyses were performed in 3T3-L1 cells after treatments with test compounds during days 0--10 of differentiation. \*\**P* \< 0.01, compared with control (Student\'s *t*-test). FP, prostaglandin F.](jop.2019.0079_figure4){#f4}

Adipogenic transcription factor expression during adipogenesis {#s013}
--------------------------------------------------------------

The adipogenic transcription factors *Pparg* and *Cebp* sequentially stimulate genetic changes that result in differentiation.^[@B25],[@B26]^ Herein, we confirmed these changes in transcription factor expression during adipogenesis in 3T3-L1 cells by using quantitative real-time polymerase chain reaction (PCR) analyses of *Pparg*, *Cebpa*, and *Cebpb* mRNAs. In time course experiments ([Fig. 5](#f5){ref-type="fig"}) in differentiating 3T3-L1 cells, *Pparg* mRNA expression levels were increased by 1.4-fold at day 2, and by 1.8-fold at days 4 and 10. *Cebpa* expression was similarly increased by 2.9-fold at days 2 and 10, and by 3.2-fold at day 4, and that of *Cebpb* was increased by 2.1-fold by day 2. These results show early increases in *Pparg* and *Cebpa* mRNA expression levels during adipogenesis in 3T3-L1 cells. *Cebpb* was also transiently induced during the early stages of differentiation, as shown in previous studies.^[@B25],[@B26]^

![Gene expression analyses of adipogenic transcription factors during adipogenesis. *Pparg*, *Cebpa*, and *Cebpb* mRNA expression levels were determined by using real-time PCR, and comparisons were made with expression levels on day 0. \**P* \< 0.05, \*\**P* \< 0.01, compared with day 0 (Dunnett test). PCR, polymerase chain reaction.](jop.2019.0079_figure5){#f5}

Effects of OMD and FP agonists on mRNA expression of adipogenic transcription factors {#s014}
-------------------------------------------------------------------------------------

To investigate the effects of OMD and FP agonists on adipogenesis, we determined *Pparg*, *Cebpa*, and *Cebpb* expression levels during differentiation of 3T3-L1 cells. LAT-A and PGF~2α~ suppressed the expression of *Pparg* and *Cebpa* on days 2, 4, and 10 ([Figs. 6](#f6){ref-type="fig"} and [7A](#f7){ref-type="fig"}). *Cebpb* expression levels were significantly lowered in LAT-A-and PGF~2α~-treated cells on days 2 and 4, compared with those in control differentiating cells ([Fig. 7B](#f7){ref-type="fig"}). In contrast, even at 40 μmol/L, OMD did not affect expression levels of these genes under the present conditions.

![Effects of OMD and FP agonists on *Pparg* mRNA expression on days 2, 4, and 10 of differentiation. Differences in *Pparg* expression between time points were quantified by using real-time PCR. \**P* \< 0.05, compared with control (Wilcoxon test).](jop.2019.0079_figure6){#f6}

![Effects of OMD and FP agonists on *Cebpa* and *Cebpb* expression levels during the differentiation. *Cebpa* **(A)** and *Cebpb* **(B)** expression levels on days 2, 4, and 10 were quantified by using real-time PCR. \**P* \< 0.05, compared with control (Wilcoxon test).](jop.2019.0079_figure7){#f7}

Discussion {#s015}
==========

In this study, we investigated the effects of the selective EP2 agonist OMD on adipogenesis and made comparisons with those of FP agonists in differentiating 3T3-L1 cells. OMD is a non-prostaglandin structure compound and OMDI, isopropyl ester of OMD, is an active pharmacological ingredient of ophthalmic solution for the treatment of glaucoma as an IOP-lowering agent.^[@B17]^ After topical administration to ocular surfaces, OMDI is hydrolyzed by esterases to OMD during its corneal penetration.^[@B18]^ During 2018, this drug was launched in Japan for the treatment of glaucoma and ocular hypertension.

It is reported that DUES is one of the cosmetic AEs induced by FP agonists and induced by atrophy of orbital fat in the eyelid by inhibiting adipogenesis.^[@B21]^ Although this AE was induced by stimulation of the FP receptor, no published studies demonstrate the effects of EP2 receptor agonists on adipogenesis. Overall, 3T3-L1 cells were originally developed by clonal expansion from murine Swiss 3T3 cells^[@B27]^ and have been widely used as preadipocytes in studies of adipocyte differentiation.^[@B27]^ In our hands, LAT-A and PGF~2α~ prevented the accumulation of lipid droplets in 3T3-L1 cells and inhibited adipogenesis ([Figs. 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}). In agreement, Taketani et al. showed that all FP agonists that are currently used as glaucoma treatments, including latanoprost, inhibited adipogenesis by stimulating the FP receptor in 3T3-L1 cells.^[@B21]^ In addition, FP agonists limited the induction of *Pparg*, *Cebpa*, and *Cebpb* during adipocyte differentiation ([Figs. 6](#f6){ref-type="fig"} and [7](#f7){ref-type="fig"}). Under normal conditions of adipogenesis, *Cebpb* is expressed early to transactivate *Pparg* and *Cebpa*, which are master transcriptional regulators of terminal adipocyte differentiation.^[@B25],[@B26]^ Further, it is reported that differentiation starts with the induction of *Cebpb* at an early stage, during which cells begin to express *Pparg* and *Cebpa*.^[@B28],[@B29]^ Our results are consistent with those of previous reports ([Fig. 5](#f5){ref-type="fig"}).^[@B28],[@B29]^ These observations suggest that FP agonists prevent the accumulation of lipid droplets initially by inhibiting adipogenic *Cebpb* expression, and subsequently by limiting the associated increases in *Pparg* and *Cebpa* expression.

A previous report suggested that C/EBPβ was involved in cell proliferation.^[@B25]^ We observed that *Cebpb* expression levels were significantly increased in LAT-A-treated cells on day 10, compared with those in control differentiating cells ([Fig. 7B](#f7){ref-type="fig"}). The increase in cell viability in the LAT-A-treated group shown as in [Fig. 2](#f2){ref-type="fig"} may be due to the increase in *Cebpb* expression induced by LAT-A. *Cebpb* expression was also upregulated in the PGF~2α~-treated group ([Fig. 7B](#f7){ref-type="fig"}), although the cell viability did not increase in that group ([Fig. 2](#f2){ref-type="fig"}). This discrepancy may arise from the receptor selectivity of LAT-A and PGF~2α~.

In the present experiments, OMD did not affect lipid droplet accumulation or the expression levels of *Pparg*, *Cebpa*, and *Cebpb*, even at high concentrations of up to 40 μmol/L ([Figs. 3](#f3){ref-type="fig"},[4](#f4){ref-type="fig"},[6](#f6){ref-type="fig"}, and 7). We also confirmed that EP2 and FP receptor mRNAs were expressed by 3T3-L1 cells under these conditions (data not shown), suggesting that OMD stimulates the EP2 receptor.

Activated FP receptor initiates several intracellular events, including signaling through the phospholipase C/IP~3~R/Ca^2+^ pathway.^[@B30],[@B31]^ PGF~2α~ also inhibits adipocyte differentiation via the Gα~q~-Ca^2+^-calcineurin-dependent signaling pathway.^[@B32]^ Moreover, coupling of the EP2 receptor with G~s~ leads to elevated cAMP concentrations.^[@B14]^ Hence, multiple signaling pathways are involved in the downstream effects of FP and EP2 receptors, yet differences between these are considered central to the differing effects of the present receptor agonists on adipocyte differentiation. Previous report has shown that EP4 receptor stimulation increases cAMP and suppresses adipocyte differentiation,^[@B33]^ although EP4 signaling also plays Gα~i~-mediated roles that are independent of cAMP.^[@B34]^ Thus, the effects of EP4 receptor signaling on adipocyte differentiation may be mediated by additional cAMP independent mechanisms. Nonetheless, in contrast with EP4 agonists, the EP2 receptor agonist OMD did not suppress adipocyte differentiation, thus distinguishing the downstream effects of EP2 and EP4 receptors.

The mechanism of DUES induced by FP agonists remains unclear, although the prevention of adipogenesis is considered a potentially major cause, as supported by several studies.^[@B12],[@B21]^ Choi et al. had reported that browning of adipocytes can be related to development of PAP.^[@B35]^ Using human orbital adipose tissue samples, they reported that bimatoprost upregulates pathways involved in the browning of adipocytes via MAPK, PI3/Akt, and p38.^[@B35]^ In addition, LAT-A activated the MAPKs extracellular signal-regulated kinase, p38, and c-Jun NH~2~-terminal kinase,^[@B36]^ indicating that FP agonist-induced PAP is also caused by browning of adipocytes via kinase pathways. In this study, we focused on the effect of OMD on adipogenesis and the regulation of its transcriptional factors (*Pparg*, *Cebpa*, and *Cebpb*) compared with those of FP agonists. However, we may need to investigate the effect of OMD on browning of adipocytes and its related kinase pathways to comprehensively examine the influence of OMD on PAP in future experiments.

In this study with 3T3-L1 cells, the highest dose of OMD (40 μmol/L) was equivalent to that of OMDI (0.002%) ophthalmic solution.^[@B37]^ OMD has strong agonistic activity and selectivity for the human EP2 receptor (hEP2 EC~50~ = 8.3 nmol/L).^[@B18]^ We confirmed these agonistic activities of OMD toward the mEP2 receptor (mEP2 EC~50~ = 3.9 nmol/L), and we showed that they are equivalent to those of hEP2 ([Fig. 1C](#f1){ref-type="fig"}). Current results imply that OMDI ophthalmic solution has little to no effect on adipocyte differentiation in humans.

Our findings using the 3T3-L1 cell line may have limited the extrapolation to human periocular or orbital adipose tissues. A previous report by Choi et al. using biopsied human orbital adipose tissues indicated that *Pparg* and *Cebpa* contributed to their adipogenic differentiation.^[@B38]^ Further, they demonstrated that FP agonists inhibited the accumulation of intracytoplasmic lipid droplets by downregulation of *Pparg* and *Cebpa*, suggesting that FP agonists suppressed adipogenesis in human periocular and orbital adipose tissues *in vivo.*^[@B38]^ Similarly, in our study using the 3T3-L1 cell line, we observed upregulation of *Pparg* and *Cebpa* with adipogenic differentiation ([Fig. 5](#f5){ref-type="fig"}), and they were significantly inhibited by FP agonists ([Figs. 6](#f6){ref-type="fig"} and [7](#f7){ref-type="fig"}), implying that there is at least a partial overlap between the factors involved in adipogenesis in human periocular and orbital adipose tissues and the 3T3-L1 cell line at the transcriptional level. Although further studies are needed to clarify the effects of OMD in human samples, we think that we can estimate the effects of OMD on adipocyte differentiation in humans in the 3T3-L1 cell line compared with FP agonists.

Long-term evidence in patients is needed, but current data suggest that OMDI does not induce DUES in glaucoma patients due to the different profile of OMD on gene expression related to adipogenesis in the eyelid fat tissue, unlike existing FP agonists.
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